Introduction: Campylobacter jejuni is the leading bacterial food-borne pathogen within the European Union, and poultry meat is an important vehicle for its transmission to humans. However, there is limited knowledge about how this organism persists in broiler litter and faeces. The aim of this study was to assess the impact of a number of environmental parameters, such as temperature, humidity, and oxygen, on Campylobacter survival in both broiler litter and faeces. Materials and methods: Used litter was collected from a Campylobacter-negative broiler house after final depopulation and fresh faeces were collected from transport crates. Samples were confirmed as Campylobacter negative according to modified ISO methods for veterinary samples. Both sample matrices were inoculated with 9 log 10 CFU/ml C. jejuni and incubated under high (]85%) and low (570%) relative humidity conditions at three different temperatures (208C, 258C, and 308C) under both aerobic and microaerophilic atmospheres. Inoculated litter samples were then tested for Campylobacter concentrations at time zero and every 2 hours for 12 hours, while faecal samples were examined at time zero and every 24 hours for 120 hours. A two-tailed t-test assuming unequal variance was used to compare mean Campylobacter concentrations in samples under the various temperature, humidity, and atmospheric conditions. Results and discussion: C. jejuni survived significantly longer (P50.01) in faeces, with a minimum survival time of 48 hours, compared with 4 hours in used broiler litter. C. jejuni survival was significantly enhanced at 208C in all environmental conditions in both sample matrices tested compared with survival at 258C and 308C. In general, survival was greater in microaerophilic compared with aerobic conditions in both sample matrices. Humidity, at the levels examined, did not appear to significantly impact C. jejuni survival in any sample matrix. The persistence of Campylobacter in broiler litter and faeces under various environmental conditions has implications for farm litter management, hygiene, and disinfection practices.
T here are an estimated 9.4 million campylobacteriosis cases per annum within the European Union (EU), resulting in the loss of 0.35 million disabilityadjusted life years (DALYs) and costing approximately t2.4 billion each year (1) . Campylobacter is the most commonly reported bacterial food-borne pathogen in humans, with broiler meat identified as a major source (2) . In the Republic of Ireland, there is cause for concern as 83% of domestically produced broiler batches were positive for Campylobacter and corresponding processed carcasses had the second highest (98%) prevalence of Campylobacter contamination within the EU (3). This is of particular concern given that in 2014 the farm gate value of the Irish broiler industry was approximately t133 million (4) .
One potential source of Campylobacter contamination may be transmission due to carry-over from previously infected flocks. Research has demonstrated that Campylobacter carry-over between flocks is not a significant risk factor when litter is removed, and houses are cleaned and disinfected before restocking with a new batch of chicks (5Á8). In contrast, other studies have infection ecology & epidemiology identified carry-over between flocks as a potential risk factor, particularly where litter is not replaced between crops (9, 10) . It has also been reported that Campylobacter may be found in the wider farm environment prior to the introduction of new flocks (11) . Evans and Sayers found no evidence of Campylobacter survival in broiler units in the United Kingdom after cleaning and disinfection was carried out (5) . However, a number of studies have suggested that campylobacters can enter a 'viable but non-culturable' (VBNC) state, particularly when exposed to atmospheric concentrations of oxygen or heat stresses (12, 13) , making their detection in houses prior to restocking difficult. It is possible therefore that Campylobacter could remain viable in the broiler environment and capable of colonising new flocks even though it cannot be detected using traditional culture-based methods.
Campylobacter survival in-vivo is impacted by a wide range of factors such as temperature, atmosphere, sample matrix, and moisture. A previous study on Campylobacter survival in sheep, goose, and hen faeces found survival ranged from 2 to 14 days, with greatest survival at temperatures of 108CÁ208C in association with high rainfall (14Á16). Moriarty et al. (15) found that Campylobacter survived in goose faeces on pasture for up to 7 days in winter compared with less than 2 days in summer. Further studies have demonstrated that Campylobacter is highly sensitive to desiccation. Oosterom et al. (17) found that following inoculation, viable Campylobacter cells could only be isolated from the surface of tiles that were visibly wet. The study also found that the drying of pig skin lead to significant declines in Campylobacter populations. Similarly, Doyle and Roman (18) found drying Campylobacter jejuni in the presence of skimmed milk caused significant declines in these populations. However, rates of decline differed between strains of C. jejuni investigated. Campylobacter also prefers microaerophilic atmospheres for growth. Chynoweth et al. (19) found that Campylobacter survival was better in microaerophilic than aerobic atmospheres. The study noted that the difference in their survival was greatest at higher temperatures of approximately 378C, but their survival in microaerophilic conditions was still higher at temperatures as low as 58C. A further study found that Campylobacter concentrations grew to 3)10 8 at 17% oxygen compared with 8)10 8 at 3%
oxygen, highlighting that the organism performs better in lower oxygen concentrations (20) . These studies suggest that many factors can influence the environmental survival of C. jejuni.
At present there is a lack of knowledge surrounding how long Campylobacter can persist within environmental niches in broilers and how this may impact transmission.
The aim of this study was to assess the survival of C. jejuni in broiler litter and faeces in-vitro under various environmental conditions that could be found within a broiler house.
Materials and methods

Inoculation of litter and faeces
Used litter (wood shavings) was collected in a sterile bag from a commercial broiler growing unit, housing a 42-day-old Campylobacter-negative flock. Samples were confirmed as Campylobacter negative using the following ISO enrichment and direct plating methods. The litter and faecal samples (10 g) were serially diluted and plated on modified charcoal-cefoperazone-deoxycholate agar (mCCDA), then incubated for 48 hours at 378C under microaerophilic conditions. A further 10 g from each sample was inoculated into Bolton broth and incubated at 378C for 24 hours; then, a 10 ml loop of the enriched culture was spread onto an mCCDA plate and incubated for 48 hours (378C; 5Á10% O 2 ) (21Á23). Samples of litter (70 g) were placed in 500 ml sterile containers (Sarstedt, Co. Wexford, Ireland) and inoculated with 6 ml of a 9 log 10 CFU/ml overnight culture of C. jejuni (strain number PA-346) previously isolated from a broiler flock. Samples were homogenised by shaking for 30 seconds and mixed manually. For each replicate, 5)70 g quantities of litter were inoculated and homogenised before being pooled into a single sample (350 g) and mixed again (24) .
Fresh broiler faeces from the same Campylobacternegative flock was collected from transport crates as birds arrived at the processing plant. Samples were confirmed as Campylobacter negative using enrichment in Bolton broth and plated on mCCDA as previously described. Faecal material (70 g) was inoculated by mixing 6 ml of the 9 log 10 CFU/ml overnight C. jejuni (strain number PA-346) culture in 500 ml containers (Sarstedt), then homogenised for 30 seconds, and mixed manually as done previously with the litter (24) . For each replicate of the experiment, 5)70 g (350 g) quantities of inoculated sample were prepared and pooled into a single sample and mixed again.
Environmental conditions Sealable 2.5 litre plastic boxes (BioMérieux, Hampshire, United Kingdom) were used as relative humidity (RH) control chambers. An RH meter (''Traceable'' Digital Hygrometer/Thermometer, Fisher Scientific, Dublin, Ireland) was attached to the inner surface of the lid of all boxes.
High RH conditions (]85%) were obtained by placing 2)20 ml sterile plastic bottles containing 10 ml of sterile water into each box. Sealed boxes were then incubated aerobically or under microaerophilic conditions in order to mimic the atmospheric conditions of litter in broiler houses (25) . Microaerophilic conditions (5Á10% O 2 ; 10% CO 2 ) were induced by adding an atmospheric gas generation pack (CampyGen 2.5 L, Thermo Fisher Scientific, Dublin, Ireland) to each box. For aerobic conditions, sealed boxes were incubated without any gas packs.
Low RH conditions (570%) were obtained by the same method but by omitting the addition of water to the boxes.
In total, Campylobacter survival was assessed under four atmospheric conditions (aerobic and low RH; aerobic and high RH; microaerophilic and low RH; microaerophilic and high RH) at three temperatures (208C, 258C, and 308C). All experiments were repeated in triplicate.
Campylobacter survival in litter and broiler faeces Samples of inoculated litter (13 g) were placed in sterile petri dishes, spread evenly, and the petri dishes, in turn, were placed inside separate sealed boxes for each atmospheric condition and sampling time point. This was done to ensure the atmosphere was not breached between sampling points.
To quantify initial Campylobacter concentrations in the inoculated litter, three samples (3 g each) were collected at time zero, serially diluted in maximum recovery diluent (MRD; Oxoid, Hampshire, United Kingdom), 0.1 ml volume spread plated on mCCDA (Oxoid), and incubated (428C; 5Á10% O 2 ; 48 hours). The remaining litter samples were then incubated under each atmospheric condition and temperature as described above and sampled every 2 hours over a 12-hour period. At each sampling point, 3)3 g samples of litter were collected and cultured as previously described. The remaining 4 g of litter was used to calculate% litter moisture at each time point under each condition/temperature. RH was recorded at each sampling point. Likewise, Campylobacter survival in broiler faeces was monitored every 24 hours over a 5-day period.
Statistical analysis
A two-tailed t-test assuming unequal variance was used to compare mean Campylobacter concentrations between different time points, temperatures, and atmospheric conditions. A t-test was also used to compare mean litter moisture (%) between sampling time points for each atmospheric condition at each temperature. A P value of 50.05 was considered statistically significant.
Results
Relative humidity and (%) moisture content Relative humidity (%RH) varied depending on sample matrix, atmospheric conditions, temperature, and sampling time point. Lower RH values were generally observed under conditions where water had not been added to the boxes. However, the initial RH in all boxes containing faecal material was greater than 85%; this was due to the faeces being wet at time zero (data not shown). In these cases, the RH declined to less than 70% over 24Á48 hours due to the boxes not having any additional water added. A statistically significant (P 50.05) reduction in% moisture in the litter was observed after 6 and 4 hours when samples were stored under aerobic low RH conditions at 258C and 308C, respectively (data not shown).
Campylobacter survival in the litter C. jejuni PA-436 survived for longer and in greater concentrations at 208C under all atmospheric conditions tested (P 50.05) when compared to the higher incubation temperatures (P 50.05). Campylobacter concentrations decreased by 2Á5 log 10 CFU/g over a 12-hour period under all environmental conditions in the litter. Specifically, concentrations decreased from !6 log 10 CFU/g initially to between 1 and 2.5 log 10 CFU/g after 12 hours in aerobic high RH, microaerophilic low RH, and microaerophilic high RH and 10 hours in aerobic low RH at 208C. In contrast, Campylobacter was not detected beyond 10 hours when incubated at 258C and 308C under any conditions (Fig. 1aÁd) . The fastest reduction in concentrations was observed in aerobic low RH conditions at 258C and 308C, which also saw significant reductions in % moisture in the litter (Fig. 1a) . Campylobacter concentrations were significantly higher by 6 hours at 258C and 308C in samples stored under microaerophilic conditions compared with aerobic conditions. No significant differences in Campylobacter concentrations were observed at 208C between samples stored under microaerophilic or aerobic atmospheres at 12 hours in high RH or 10 hours in low RH. However, C. jejuni did persist for 12 hours in microaerophilic low RH compared with 10 hours in corresponding aerobic conditions.
Campylobacter survival in fresh broiler faeces Campylobacter concentrations were significantly higher (P 50.05) in samples incubated at 208C under all conditions compared with those incubated at 258C and 308C. C. jejuni was not detected beyond 96-hour incubation under aerobic high RH, microaerobic high RH, and microaerophilic low RH conditions and beyond 72 hours in aerobic low RH at 208C. In contrast, the organism was not detected beyond 72 hours at 258C and 308C under aerobic high RH, microaerobic high RH, and microaerobic low RH conditions and beyond 48 hours under aerobic low RH conditions (Fig. 2aÁd) . C. jejuni survival was significantly higher in samples stored under microaerobic conditions compared to corresponding samples stored under aerobic conditions at all temperatures (P 50.01). In the low RH conditions, C. jejuni survived 96 hours at 208C and 72 hours at 258C and 308C under microaerophilic conditions (Fig. 2c ) compared to 72 hours at 208C and 72 hours at 258C and 308C under aerobic low RH conditions (Fig. 2a) . Similarly, in the high RH conditions, C. jejuni survival was higher under microaerophilic conditions, surviving 96 hours at 208C (3.2 log 10 CFU/g in microaerophilic versus 2.23 log 10 CFU/g in aerobic) and 72 hours at 258C (4.5 log 10 CFU/g in microaerophilic versus 2.67 log 10 CFU/g in aerobic). At 308C in the high RH conditions, C. jejuni survived for 72 hours under microaerophilic conditions compared with 48 hours under aerobic conditions (Fig. 2d and b) . Campylobacter concentrations in faeces decreased by 1Á3 log 10 CFU/g over a 24-hour period under all environmental conditions.
Discussion
Temperature, sample matrix, and atmospheric oxygen concentrations were all important factors affecting Campylobacter survival. RH did not appear to significantly impact Campylobacter survival under all conditions tested. It is possible that the humidity levels in the low ( 570%) RH environment in this study were sufficient to support the survival of Campylobacter. Previous research has demonstrated that the incidence of Campylobacter colonisation in broilers was not impacted by varying RH conditions (60 and 85% RH) (26) . This study also noted that predictive models using RH, hours of sunlight, or precipitation did not predict Campylobacter incidence any better than models which used maximum temperature alone. A further study on broiler chickens found no difference in Campylobacter colonisation rates between birds held under high (80%) or low (30%) RH conditions (27) , while another study found that C. jejuni inoculated into laying hen faeces persisted for up 72Á96 hours when stored at 208C with 40Á60% RH (16) .
Campylobacter survived in greater numbers at the lower temperature (208C) in both sample matrices. The increased survival of Campylobacter at 208C under all conditions tested could possibly be attributed to the upregulation of survival mechanisms such as the pnp genes at lower temperatures. The pnp genes encode for polynucleotide phosphorylase (PNPase), a 3?Á5? exoribonuclease which has previously been demonstrated to improve the survival of C. jejuni at 48C and 108C compared with mutants without the gene (28Á30). A review by Lawal et al. noted that upregulation of pnp genes in Escherichia coli was induced with decreasing temperature and that these genes were also responsible for conferring cold growth capabilities to a wide range of pathogenic organisms including C. jejuni (31) .
Campylobacter survival was significantly greater under microaerobic conditions compared with aerobic atmospheres in both sample matrices at 258C and 308C and less consistently at 208C. Campylobacters require a microaerophilic environment as atmospheric concentrations of oxygen are toxic. Exposing Campylobacter to oxygen leads to the formation of reactive oxygen intermediates (ROIs) such as superoxide radicals. These ROIs can cause lethal damage to nucleic acids, proteins, and the cell membrane (32) . A previous study found that Campylobacter concentrations grew to 3 )10 8 at 17% oxygen compared with 8) 10 8 at 3% oxygen (20) . Another study demonstrated that C. jejuni populations survived 2 days longer in stationary water compared to water that was aerated (33) . However, the toxic effects of oxygen on Campylobacter are also temperature dependant which may explain the better survival rates at 208C compared with 258C and 308C under aerobic conditions. A study by Garénaux et al. demonstrated C. jejuni was most sensitive to oxygen stress at a temperature of 428C and most resistant when stored at 48C (34) . This suggests that the increased survival of Campylobacter under aerobic conditions at 48C was due to lower metabolic activity at 48C, affecting protein synthesis and decreased catalase activity (34, 35) . This demonstrates that temperature can influence the impact of oxygen stress on Campylobacter and that there may be some form of cross resistance between oxidative and temperature stress. A study by Stintzi and Whitworth demonstrated that C. jejuni cold shock responses also gave cross protection to oxygen stress. The study found that C. jejuni overexpressed superoxide dismutases and upregulated sodB and Cj0358 at 48C, which encode for two proteins that defend against oxidative stress (36) . This may explain observations in the current study where fewer differences were seen between microaerobic and aerobic conditions at 208C.
C. jejuni survived for longer in faeces compared to the litter matrix. This may be due to a number of factors related to the composition of the matrices. For example, previous research has demonstrated that there are large differences in water content between litter and faeces. A study carried out on used broiler litter composed of wood shavings and straw found a dry matter content of 70% (37) . In contrast, analysis of fresh poultry faeces demonstrated a dry matter content of approximately 25Á30% (38, 39) . The higher water content of faeces may protect Campylobacter from the effects of desiccation, thus enhancing its survival (40, 41) . Observed differences in survival between the litter and faecal matrices in the current study may be due to differences in the gradient of osmotic pressure between matrices. C. jejuni lacks many osmoadaptive mechanisms, meaning it must rely on other mechanisms to survive hyperosmotic environments (13) . In this study, Campylobacter survived in faeces for up to 4 days; a previous study demonstrated that C. jejuni persisted longer (120Á144 hours) in naturally contaminated faeces compared with experimentally inoculated faeces (16) . Therefore, Campylobacter survival in-vivo may be greater than that observed in this study.
The shorter survival of Campylobacter in litter compared to faeces may also be due to the presence of naturally occurring antimicrobial substances in the litter such as essential oils. Wood shavings are commonly used as bedding material in Irish broiler units and are primarily derived from scots pine and spruce trees. A previous study found that wood from spruce trees contained pinosylvins and phenolic compounds, such as lignans. Other research has shown that pine needles were composed of 30.2% a-terpineol, 24.47% linalool, 14.57% limonene, 14.57% anethole, 3.14% caryophyllene, and 2.14% eugenol. The study found that these essential oils had antioxidant activity by scavenging free radicals and showed antimicrobial activity against a range of foodborne organisms (42) . It has been shown that the compounds terpine-4-ol, a-terpineol, and essential oils have strong antimicrobial activity against Campylobacter (43).
It is possible that a proportion of the observed decrease in Campylobacter concentrations over time was due to the organism entering a VBNC state. Campylobacter may enter this state when exposed to environmental stressors such as desiccation, the presence of oxygen, and suboptimal temperatures (33, 35, 44) . When in this VBNC state, Campylobacter remains capable of colonising birds (45) . A previous study reported that when incubated at 378C in half-open petri dishes Campylobacter strains became unculturable within 12 hours due to desiccation and oxygen stress (40) . This may have consequences for laboratory testing for the detection of Campylobacter in litter or samples from the surrounding farm environment. It also demonstrates that failure to detect Campylobacter using culture-based methods may not prove absence of the organism. A potential solution to overcome this issue may be the use of a BacLight (Thermo Fisher Scientific, Dublin, Ireland) analysis system to detect suspected VBNC state Campylobacter cells. A previous study on Campylobacter survival found that 90% of Campylobacter cells in the experiment that were not detectable using culture (VBNC) were detectable by BacLight analysis (12) .
This study has demonstrated the potential effects of various environmental conditions and sample matrices on the survival of C. jejuni. It would be pertinent to carry out any subsequent studies using additional C. jejuni strains given the diversity that exists within this species as other strains could demonstrate different survival characteristics. For example, previous research has demonstrated that the response of C. jejuni to environmental stresses can be strain dependant. Doyle and Roman (18) found inconsistencies in the decline of four C. jejuni populations when they were dried in the presence of skimmed milk at 258C. In the case of two of the strains, Campylobacter populations declined !7 log 10 within 24 hours, whilst another strain took 7 days to decline by 5 log 10 CFU (18) . Another study by Kaakoush et al. (46) found that whilst most C. jejuni have been shown to be sensitive to the toxic effects of oxygen, some C. jejuni strains can grow in vitro with partial oxygen tensions of up to 21%. The authors noted that the oxygen tolerance of each individual strain was different (46) . These studies clearly demonstrate differences in responses among C. jejuni strains to environmental stresses.
The survival of Campylobacter in both sample matrices at lower temperatures may have important implications for broiler litter management. In Ireland, litter is generally removed after depopulation with subsequent cleaning and disinfection of the houses. This can result in contamination of the external farm environment and may risk reintroducing Campylobacter into the broiler houses. A previous study found that Campylobacter-positive flocks were more likely to occur in houses that had an inter-flock period of less than 14 days before restocking (47) . A systemic review by Agunos et al. (11) found the greatest risk factors for contamination of flocks was contamination of the farm environment (both inside and outside houses) possibly due to insufficient cleaning and disinfection, followed by insufficient downtime and the presence of multiple houses on farms (11) . Furthermore, the study identified the interior and exterior of the house, the air within, drinking water, concrete surrounds, and foot dips as risk factors for Campylobacter.
In conclusion, temperature and sample matrix can have a significant effect on Campylobacter survival in the broiler environment. The study highlights the potential impact that environmental conditions on farm could have on survival and spread of this important enteropathogen. Environmental conditions and sample matrix may vary in broiler farms which may create niches that are favourable to Campylobacter survival.
